We examined the immunotoxic effects of acute and subchronic exposures of goldfish to aged, fresh, and ozonated oil sands process-affected water (OSPW) using a flow-through exposure apparatus. We measured the expression of proinflammatory cytokine genes, the antimicrobial responses of primary macrophages isolated from OSPW-exposed fish, and the ability of the goldfish to control infection with a protozoan parasite, Trypanosoma carassii. After acute (1 week) exposure to aged OSPW, we observed upregulation in the expression of interferon gamma (IFN-γ), tumor necrosis factor alpha-2 (TNF-α2) in the kidney and spleen but not in gills of the fish. After subchronic (12 weeks) exposure to aged OSPW, we observed significant increases in mRNA levels of proinflammatory genes in the gill (IFN-γ, interleukin-1 beta 1 [IL1-β1], TNF-α2), kidney (IL1-β1, TNF-α2), and spleen (IL1-β1). An upregulation of immune gene expression in the gill and kidney (IFN-γ, IL1-β1, TNF-α2) and spleen (IL1-β1, TNF-α2) was observed after acute exposure of fish to diluted fresh OSPW. Following subchronic exposure to diluted fresh OSPW, we observed high mRNA levels of IL1-β1 in all tissues examined. However, there were significant decreases in the mRNA levels of IFN-γ and TNF-α2 in the kidney and spleen and gill and spleen (IL-12p35 and IL-12p40) of exposed fish. There were no changes in the expression of anti-inflammatory cytokine IL-10 after both acute and subchronic exposures to diluted fresh OSPW. In fish exposed to ozonated fresh OSPW, immune gene expression was similar to nonexposed control fish in all organs examined, with exception of IL1-β1. The ability of primary kidney macrophages to generate reactive oxygen and nitrogen intermediates was significantly reduced in fish exposed to fresh OSPW. The enhanced proinflammatory response after acute exposure to diluted fresh OSPW was confirmed by the parasite challenge experiments, where OSPW-exposed fish controlled the infection better than nonexposed fish.
Hot water (80°C) and caustic soda (NaOH) are used to leach bitumen (viscous mixture of hydrocarbons) out of the oil sands in Northern Alberta, ultimately resulting in 4 m 3 of water being used to produce 1 m 3 of crude oil (Government of Alberta, 2011). The leftover water, termed oil sands process-affected water (OSPW), is confined to cement-lined tailings ponds in compliance with Alberta's zero discharge policy for polluted water (Del Rio et al., 2006) . In addition to bitumen, other compounds are leached from the sands into OSPW, including naphthenic acids (NAs; toxic compounds that constitute 40% of OSPW organic fraction), BTEX (benzene, toluene, ethylbenzene, and xylene), phenols, and polycyclic aromatic hydrocarbons (PAHs) (Gosselin et al., 2010) , while the inorganic fraction contains heavy metals, sodium, bicarbonate, chloride, and sulfates (Gamal El-Din et al., 2011; Wang et al., 2013) . Due to lack of appropriate remediation strategies for OSPW, over 10 9 m 3 of OSPW are currently being stored in tailings ponds. Toxicity of OSPW to aquatic organisms has been well documented: Yellow perch as well as goldfish exhibit liver histopathology (Nero et al., 2006) and physical manifestations such as fin erosion (van den Heuvel et al., 2000) . OSPW has been shown to be toxic to a variety of other aquatic organisms, including green algae (Warith and Yong, 1994) , and invertebrates (Anderson et al., 2012) . It is thought that NAs are causing these toxic effects (Dokholyan and Magomedov, 1983; Holowenko et al., 2002) , and in particular the low-molecularweight NAs (Holowenko et al., 2002) .
Microbial remediation of OSPW has been proposed, however, higher molecular weight NAs are resistant to microbial degradation, and, as a result, full amelioration of toxicity does not occur Wang et al., 2013) . Ozonation of OSPW has recently been shown to significantly ameliorate OSPW toxicity in mammals (Garcia-Garcia et al., 2011 and in other organisms such as Vibrio fischeri and a number of other aquatic organisms (Anderson et al., 2012; He et al., 2010; Martin et al., 2010; Scott et al., 2008; Wang et al., 2013) . Decreased toxicity of ozonated OSPW has been attributed to the breakdown of large species of NAs into smaller species (Scott et al., 2008; Wang et al., 2013) by hydroxyl radicals. However, there is speculation that by-products created by the ozonation process may themselves cause toxicity (Garcia-Garcia et al., 2011) . Ozonation has been found to partially ameliorate effects of OSPW, as indicated by endocrine gene expression data in the fathead minnow (Wiseman et al., 2013) .
To date, few studies have examined the effects of OSPW or ozonated OSPW on the immune system. In this study, we used a real-time flow-through exposure system to assess toxic effects of aged (aged >15 years), fresh, and ozonated OSPW on goldfish immunity. We measured immune gene expression, macrophage antimicrobial responses, as well as the ability of exposed fish to defend against infection with the protozoan parasite T. carassii.
MATeRIALS ANd MeTHOdS
Fish and flow-through exposure system. Goldfish (6-9 cm in length; aged 6-10 months) were obtained from Aquatic Imports (Calgary, Alberta, Canada) and acclimated for at least 2 weeks at 17°C in a flow-through water on a simulated (14 h light/10 h dark) photoperiod and fed to satiation with trout pellets. The fish were then transferred to the real-time flow-through apparatus located at the Oil Sands Research Innovation Facility, Devon, Alberta, Canada, and maintained under the same conditions (Supplementary Figure 1) . For the assessment of the toxic effects of aged OSPW (NA content = 5 mg/l), 20 fish per tank were randomly assigned to each of four 150-l tanks. For assessment of fresh OSPW, 50 fish were randomly assigned to each of eight 150-l tanks. Each tank had a flow-through rate of 75 l/day. Fish were exposed for 1 or 12 weeks to (1) nondiluted aged OSPW (Syncrude Ltd Pond 9, Fort McMurray, Alberta, Canada), (2) diluted fresh OSPW (Syncrude Ltd West-in-Pit) to a final NAs concentration of 20 mg/l (50% OSPW, 50% dechlorinated city water), (3) diluted fresh OSPW to a final NAs concentration of 10 mg/l (25% OSPW, 75% dechlorinated city water), (4) nondiluted ozonated fresh OSPW (NAs concentration after ozonation = 2 mg/l), or (5) dechlorinated city water. The aged OSPW (aged >15 years) was selected for analysis because aging of tailing ponds was indicated as one of the methods that could be used to decrease OSPW toxicity. The fresh OSPW was diluted because it contained 41 mg/l NAs, the concentration that is lethal to goldfish. The experimental groups were set up as time-matched duplicates, and at each observation time point, 6 fish per tank were used. Because the response of fish from duplicate tanks was similar, the data were pooled (n = 12 fish per experimental group). The fish were maintained according to the Canadian Council of Animal Care Guidelines (CCAC) following procedures described in animal protocol numbers 1490812 and 5571012 that were approved by Animal Ethics Committee, University of Alberta.
Analysis of NAs in OSPW.
Analysis of NAs was performed according to standard methods using a Synapt G2 HDMS system and TOF MS, as described in Wang et al. (2013) .
Ozonation of fresh OSPW. Fresh nondiluted OSPW obtained from the West In-Pit (Syncrude Inc) was ozonated using an ozone generator (C, Herford, Germany) . The ozone dose was calculated using the equation determined by Wang et al. (2013) . After treatment with ozone, the OSPW was purged with nitrogen for 20 min to strip the residual ozone. The ozone dose used was 35 mg/l.
Analysis of gene expression by quantitative PCR.
Goldfish gill, kidney, and spleen were collected for gene expression analysis at week 1, 8, or 12 postexposure to OSPW. At each time point, fish were anesthetized using tricaine methane sulfonate (TMS), killed by cervical dislocation, and tissues were removed and flash frozen in liquid nitrogen, and stored at −80°C prior to gene expression analysis. RNA was isolated using TRIzol (Invitrogen), and 2.5-µg RNA reverse transcribed into cDNA using the Superscript II cDNA synthesis kit (Invitrogen) according to manufacturer's directions. The cDNA was used for quantitative PCR (qPCR) using 2X Dynamite SYBR Green qPCR mix (developed by Molecular Biology Service Unit in Biological Sciences at the University of Alberta, Canada).
Primers (Integrated DNA Technologies; IDT) used in this study are listed in Supplementary Table 1 and were validated previously (Grayfer and Belosevic, 2009a,b,c; Grayfer et al., 2008) . PCR cycling conditions were: 95°C, 10 min; 95°C, 15 s; 60°C, 1 min; 95°C, 15 s; 60°C, 1 min; 95°C, 30 s; 60°C, 15 s (melting curve); for 40 cycles. Quantitative PCR was performed using an Applied Biosystems 7500 Fast Real-Time PCR apparatus and analyzed using the delta delta Ct method. Elongation factor-1 alpha (EF-1α) was used as the endogenous control. Data were normalized in each tissue to the corresponding control tissue. All samples were run in triplicate and results are presented as the mean ± SEM of 12 fish per experimental group per time point.
Goldfish primary kidney macrophage isolation. Following exposure, fish were anesthetized in TMS, were killed by cervical dislocation, and the kidney was removed. Primary kidney macrophages (PKMs) were isolated as described by Neumann and Belosevic (1996) , with the modifications described by Hagen et al. (2012) . PKMs were resuspended at 2 × 10 7 viable cells/ml in complete medium (supplemented with 10% fetal bovine serum, 5% carp serum, and 1% penicillin/streptomycin) prior to use in the assays. Cell viability was assessed using trypan blue exclusion, and it was >92% in all experiments. One hundred microliters of suspension was added to 48-well plates for a total of 2 × 10 6 viable cells per well, and the plates were incubated for 1.5 h at 22°C. Nonadherent cells were removed by washing 3× using PBS, and 200 µl of complete medium was added to the remaining adherent PKMs. The wells were approximately 70% confluent. Eight fish were used per experimental group per time point.
Production of reactive oxygen intermediates by primary macrophages. Cells were set up as described in the Goldfish primary kidney macrophage isolation section. Reactive oxygen intermediate (ROI) production was measured using the nitroblue tetrazolium (NBT) reduction assay as described by Neumann and Belosevic (1996) , with the modifications described by Hagen et al. (2012) . Macrophages were activated for 4 h using heat-killed Aeromonas salmonicida at 3.6 × 10 7 colony-forming unit, and production of ROI was triggered using phorbol myristate acetate (PMA = 300 ng/ml). Two hundred microliters of NBT was added to each well, with or without PMA, and the reduction was measured after 30 min. All samples were run in triplicate and the assays done in 48-well plates. Data were read as optical density A 630 using a microplate reader (Softmax Pro 5) and are means ± SEM of 8 fish per experimental group per time point.
Production of reactive nitrogen intermediates by primary macrophages.
Cells were collected and prepared as stated in the Goldfish primary kidney macrophage isolation section. The production of reactive nitrogen intermediate (RNI) was measured using Griess reaction assay as described (Haddad and Belosevic, 2009) , with modifications (Hagen et al., 2012) . Nitric oxide production was induced using heat-killed A. salmonicida (as described in the Production of reactive oxygen intermediates by primary macrophages section) and nitrite levels determined after 48 h of incubation. Plates were centrifuged at 300 × g for 10 min prior to supernatant collection. One hundred microliters of Griess reagent A (sulfanilamide, 2.5% phosphoric acid) and B (N-ethylenediamine, 2.5% phosphoric acid) were added to the supernatant in a 96-well plate. A standard curve was used to measure nitrite concentration and optical density was measured using microplate reader (Softmax Pro 5). Data are expressed as nitrite concentration in the supernatants calculated using a nitrite standard curve, and are mean ± SEM of 8 fish per experimental group per time point.
Innate ImmunIty of goldfIsh exposed to oIl sands wastewater Laveran and Mesnil, 1904) was isolated and cultured as described (Bienek and Belosevic, 1997) . Fish were exposed for 1 week to either dechlorinated city water, diluted fresh OSPW, or ozonated OSPW before being injected intraperitoneally with 6.25 × 10 6 in vitro cultured parasites suspended in 100 µl of serum-free TDL-15 medium. Control noninfected fish were shaminjected with 100 µl of serum-free TDL-15. After infection, fish remained in their respective treatments throughout the experiment. On days 5, 10, 15, 20, and 30 postinfection, approximately 50 µl of blood was collected from the caudal vein of each fish using a 25G needle fitted to a 1-ml tuberculin syringe. Blood was diluted 25-fold in sodium citrate anticoagulant (100mM trisodium citrate, 40mM glucose, pH 7.3) for enumeration of parasites. Parasites were counted using a hemocytometer. If parasite numbers were too low, capillary tubes containing undiluted blood were centrifuged 200 × g for 5 min in a hematocrit centrifuge and the total number of parasites located above the buffy coat in the tube enumerated. If parasite numbers were too high, further dilutions of the blood were made in anticoagulant. Numbers of parasites/ml were log transformed and data are mean ± SEM log 10 parasite number/ml of blood of 11 fish per experimental group.
Trypanosoma carassii infection. T. carassii strain TrCa (syn Trypanosoma danilewskyi
Statistics. Independent samples t tests and one-way ANOVA with Dunnett's multiple comparison post hoc tests were performed using Prism GraphPad version 6.0 software. Differences between control and experimental groups were considered to be statistically different when p <.05.
ReSuLTS

Immune Gene Expression Following Acute and Subchronic
Exposure to OSPW Immune gene expressions of goldfish exposed to aged OSPW. After acute exposure (1 week) of fish to aged OSPW with a NA content of 5 mg/l, there were no changes in proinflammatory cytokine gene expression in the gill (Fig. 1A) . In contrast, the fold change in mRNA levels of interferon gamma (IFN-γ) and tumor necrosis factor alpha-2 (TNF-α2) was significantly elevated in the kidney and spleen when compared with controls ( Fig. 1C and E) , particularly in the spleen where there was a 16-fold increase in IFN-γ and TNF-α2 mRNA levels (Fig. 1E) .
Following subchronic exposure (12 weeks) of fish to aged OSPW, significant increases in the mRNA levels of all 3 proinflammatory cytokines were observed in the gill (Fig. 1B) , as well as increases in the mRNA levels of interleukin-1 beta 1 (IL1-β1) and TNF-α2 expressions in the kidney (Fig. 1D ) and a 7-fold increase in IL1-β1 mRNA levels in the spleen (Fig. 1F) . In general, minor changes in the mRNA levels of proinflammatory cytokine receptors in tissues were observed between experimental groups (Supplementary Figure 2) .
Immune gene expressions of goldfish exposed to fresh OSPW. In general, the 2 dilutions (50% and 25% OSPW) had similar effects on immune gene expression in all tissues examined at both acute and subchronic time points and there did not appear to be a dose-dependent effect. The mRNA levels of IL1-β1 were upregulated in all tissues, with the exception of OSPW (50%) at week 12 in the gill, after acute and subchronic exposures to diluted fresh OSPW ( Fig. 2A-F) . The changes in the mRNA levels of IFN-γ and TNF-α2 were variable. For example, an increase in IFN-γ gene expression was observed after acute exposure to diluted OSPW in the gill and kidney but not in the spleen ( Fig. 2A, C , and E). The expression of TNF-α2 after acute exposure to diluted OSPW was downregulated in the gill and upregulated in the kidney and spleen ( Fig. 2A, C , and E). In contrast, TNF-α2 mRNA levels were significantly lower in all 3 organs examined after subchronic exposure to diluted OSPW (Fig. 2B, D, and F) . Similarly, IFN-γ mRNA levels were significantly lower in the FIg. 1. Immune gene expression in the gill (A, B), kidney (C, D), and spleen (E, F) in goldfish exposed to aged OSPW (naphthenic acid content = 5 mg/l). Fish were exposed using a flow-through apparatus for either 1 or 12 weeks to either aged OSPW or dechlorinated city water. The mRNA levels of IFN-γ, IL1-β1, and TNF-α2 were determined using quantitative PCR. Results are mean relative quantification (RQ; fold difference as compared with the elongation factor-1α normalized control gene expression) ± SEM of 12 fish. Abbreviations: IFN-γ, interferon gamma; IL1-β1, interleukin-1 beta 1; OSPW, oil sands process-affected water; TNF-α2, tumor necrosis factor alpha-2. kidney and spleen of fish exposed to OSPW compared with nonexposed controls (Fig. 2B, D, and F) . The mRNA levels of IL-12p40 were significantly lower in the gill and spleen after both acute exposure to diluted fresh OSPW ( Fig. 3A and E) , and the expressions of both IL-12p35 and IL-12p40 decreased significantly in both organs after subchronic exposure to diluted fresh OSPW (Fig. 3B and F ). There were no significant changes in the mRNA levels of both IL-12 isoforms in the kidney of fish exposed to OSPW (Fig. 3E and F) . The mRNA levels of IL-10 after acute or subchronic exposures to OSPW were similar to those of nonexposed control fish in all 3 organs examined ( Fig. 3A-F) . Similar to that of aged OSPW, no major differences in the mRNA levels of genes encoding proinflammatory cytokine gene receptors were observed between control and fresh OSPW-exposed fish in all tissues examined (Supplementary Figure 3) . (A, B) , kidney (C, D), and spleen (E, F) of goldfish exposed to diluted fresh OSPW. Fish were exposed using a flow-through apparatus for either 1 or 12 weeks to either 50% OSPW/50% dechlorinated city water (naphthenic acid [NA] = 20 mg/l) or 25% OSPW/75% water (NA = 10 mg/l). The mRNA levels of IL-10, IL-12p35, and IL-12p40 were determined using quantitative PCR. Results are mean RQ (fold difference as compared with elongation factor-1α normalized control gene expression) ± SEM of 12 fish. Asterisks (*) denote statistically significant differences from nonexposed fish (control). Abbreviations: IL, interleukin; OSPW, oil sands process-affected water. (A, B) , kidney (C, D), and spleen (E, F) of goldfish exposed to diluted fresh OSPW. Fish were exposed using a flow-through apparatus for either 1 or 12 weeks to either 50% OSPW/50% dechlorinated city water (naphthenic acid [NA] = 20 mg/l) or 25% OSPW/75% water (NA = 10 mg/l). The mRNA levels of IFN-γ, IL1-β1, and TNF-α2 were determined using quantitative PCR. Results are mean RQ (fold difference as compared with the elongation factor-1α normalized control gene expression) ± SEM of 12 fish. Asterisks (*) denote statistically different from nonexposed fish. Abbreviations: IFN-γ, interferon gamma; IL1-β1, interleukin-1 beta 1; OSPW, oil sands process-affected water; TNF-α2, tumor necrosis factor alpha-2.
FIg. 3. Immune gene expression in the gill
FIg. 2. Immune gene expression in the gill
Immune gene expression of goldfish exposed to ozonated fresh OSPW. After acute exposure of goldfish to ozonated OSPW (NA content after ozonation = 2 mg/l), we did not observe major changes in gene expression between exposed and nonexposed fish (Figs 4A, C, and E and 5A, C, and E). Ozonation of OSPW also ameliorated the gene expressions of IFN-γ and TNF-α2 (Fig. 4B, D, and F) and IL-12p35 and IL-12p40 (Fig. 5B, D , and F) after subchronic exposure of fish to ozonated OSPW compared with fish exposed to diluted fresh OSPW (Figs 2 and 3) . However, we observed a significant increase in IL1-β1 mRNA levels in all tissues after subchronic exposure of fish to ozonated fresh OSPW (Fig. 4B, D, and F) . In general, we did not observe major changes in the expression of genes encoding cytokine receptors between control and ozonated fresh OSPW-exposed fish in any of the tissues or time points examined (Supplementary Figure 4) .
Assessment of PKM Antimicrobial Functions
Acute and subchronic exposure to OSPW augments goldfish macrophage production of ROIs. When PKMs isolated from nonexposed fish were treated with PMA, a known macrophage stimulator, a significant increase in ROI production was observed ( Fig. 6A and B) . However, when PKMs isolated from fish after acute and subchronic exposures to diluted fresh OSPW were stimulated with PMA, there was a significant decrease in ROI production when compared with the PMA-stimulated, non-OSPW-treated controls ( Fig. 6A and B) . In these experiments, OSPW is a "priming" agent and PMA is a "triggering" agent for induction of ROI response. Our results show that OSPW affected the "priming" as well as "triggering" steps in induction of ROI production in macrophages isolated from the exposed fish. Ozonation of fresh OSPW altered the ROI production of PKM isolated from fish after acute exposure to fresh diluted OSPW and resulted in a significant increase in ROI production compared with that of the PMA-stimulated controls (Fig. 6A) . However, the ROI production of PKMs after subchronic exposure to ozonated fresh OSPW was significantly lower compared with that of PKM from nonexposed fish (Fig. 6B) .
Acute and subchronic exposure to OSPW augments goldfish nitric oxide response. When PKMs isolated from non-OSPWexposed fish were stimulated with heat-killed A. salmonicida, the production of RNIs increased significantly ( Fig. 7A and B) . The RNI production by PKM isolated from fish after acute and subchronic exposures to diluted fresh OSPW was significantly lower compared with that of PKMs isolated from nonexposed fish ( Fig. 7A and B) . Similar to what we observed for the ROI response (Fig. 6) , ozonation of OSPW increased the production of RNI of PKM obtained from fish exposed to OSPW for 1 week (Fig. 7A ), but not in PKM isolated from fish exposed to OSPW for 12 weeks, where we observed a decrease in RNI production by PKM (Fig. 7B) .
Acute Exposure to Fresh OSPW Augments Goldfish Ability to Control T. carassii Infection
Fish that were exposed for 1 week to different dilutions of fresh OSPW and then infected with T. carassii, had significantly lower parasite burden in the blood (parasitemia) than nonexposed fish throughout the 30-day observation period (Fig. 8) . In contrast, the ability of fish to control T. carassii infection was similar between nonexposed fish and those exposed to ozonated fresh OSPW (Fig. 8) . (A, B) , kidney (C, D), and spleen (E, F) in the goldfish exposed to ozonated fresh OSPW (naphthenic acids content = 2 mg/l after ozonation). Fish were exposed using a flow-through apparatus for either 1 or 12 weeks. The mRNA levels of IFN-γ, IL1-β1, and TNF-α2 determined using quantitative PCR. Results are mean RQ (fold difference as compared with the elongation factor-1α normalized control gene expression) ± SEM of 12 fish. Asterisks (*) denote significantly different from nonexposed fish. Abbreviations: IFN-γ, interferon gamma; IL1-β1, interleukin-1 beta 1; OSPW, oil sands process-affected water; TNF-α2, tumor necrosis factor alpha-2.
FIg. 4. Immune gene expression in the gill
dIScuSSION
Proper expression of pro-and anti-inflammatory cytokines is essential for generation of an inflammatory response as well as maintenance of homeostasis; changes in cytokine profiles have been associated with chronic inflammation, which may in turn lead to autoimmune diseases (Bendtzen, 1989) . In this study, we examined the immunotoxic effects of acute and subchronic exposures of goldfish to aged (>15 years), fresh, or ozonated OSPW. We present evidence that the alterations in immune gene expression during acute and subchronic exposures of goldfish to aged or fresh OSPW may be the underlying cause of the increased antimicrobial activity of macrophages and the enhanced resistance of these fish to the protozoan parasite, T. carassii. Our results indicated that ozonation partially ameliorated, the inflammatory response that was observed in fish exposed to fresh OSPW, suggesting that ozonation of OSPW may be a plausible remediation strategy for OSPW.
Acute Versus Subchronic Exposure to OSPW
Acute exposures to xenobiotics often have short-term, reversible, effects. Subchronic exposures, on the other hand, can be detrimental in the long term, potentially transforming into more serious diseases (ie, autoimmunity). In this study, fish acutely exposed to aged or fresh OSPW exhibited an increase in proinflammatory cytokine gene expression, particularly in the immune organs. Cytokines are not only important for homeostasis and inflammation but also for enhancing antimicrobial function of immune cells and clearance of pathogens. It has been shown that high levels of proinflammatory cytokines activate macrophages and increase macrophage functions, particularly the production of ROI and RNI (Grayfer and Belosevic, 2009a,c) . The increase in proinflammatory gene expression in fish following acute exposure to OSPW paralleled the enhanced ability of fish to control T. carassii parasitemia. In contrast, subchronic exposure of fish to OSPW caused a downregulation of IFN-γ and TNF-α2 mRNA levels and decreased macrophage antimicrobial functions, suggesting that fish may be immunosuppressed. Our findings demonstrate the importance of examining both short-and long-term exposures to OSPW, as acute effects may not be extrapolated to predict subchronic effects.
Aged versus Fresh OSPW Exposure
Aged OSPW refers to ponds that have been left for more than 10 years as a possible strategy for natural remediation of tailings water, particularly the breakdown of large NAs species through microbial degradation. This process, however, does not appear to fully remediate OSPW toxicity (Leung et al., 2001) . Aged OSPW used in this study was >15 years old and had a NA content of 5 mg/l, whereas fresh OSPW used was diluted to final NAs content of 20 and 10 mg/l. Following acute exposure to both aged and fresh OSPW, an increase in proinflammatory cytokine expression in goldfish was observed, particularly in the immune organs (kidney and spleen). These findings support the presence of a compound(s), likely NAs (Dokholyan and Magomedov, 1984) , in both aged and fresh OSPW, that have the capacity to induce an acute immunostimulatory response. It should be noted that aged and diluted OSPW had different NAs content, suggesting (A, B) , kidney (C, D), and spleen (E, F) of goldfish exposed to ozonated fresh OSPW (naphthenic acids content = 2 mg/l after ozonation). Fish were exposed using a flow-through apparatus for either 1 or 12 weeks. The mRNA levels of IL-10, IL-12p35, and IL-12p40 were determined using quantitative PCR. Results are mean RQ (fold difference as compared with elongation factor-1α normalized control gene expression) ± SEM of 12 fish. Abbreviations: IL, interleukin; OSPW, oil sands process-affected water.
that other compounds in OSPW (eg, PAHs) may also contribute to the observed alterations in the immune response (Thurmond et al., 1988) . Following subchronic exposure of goldfish to aged OSPW, we observed general upregulation in proinflammatory cytokine gene expression. In contrast, in fish exposed to diluted fresh OSPW, we observed significantly decreased IFN-γ and TNF-α2 expression. Heavy metals have been known to downregulate inflammation (Abou-Mohamed et al., 1995) and as a result, impact gene expression. This immunotoxic effect may be due to heavy metals that are more prevalent in fresh OSPW. We observed consistently higher mRNA levels of IL1-β1 in all tissues of OSPW-exposed fish. Given that IL-1β is an important cytokine involved in antigen presentation, in addition to inflammation, the continuous high expression of IL-1β gene suggests that fish are undergoing an active immune response during both acute as well as subchronic exposures to OSPW.
Both whole OSPW and NAs have been shown to be toxic to fish. A study of Dokholyan and Magomedov (1984) showed that salmon chum exposed to 25 mg/l NAs had 50% mortality, and zooplankton were found to be intolerant to NAs at concentrations above 0.15 mg/l. However, OSPW is a complex mixture of more than 800 compounds, including NAs, heavy metals, BTEX, bicarbonates, salts, PAHs, all of which may alter the immune responsiveness of fish. We have previously reported (Hagen et al., 2012 ) that fish exposed to commercial NAs for 1 week, at a concentration of 10 or 20 mg/l, exhibited an increase in proinflammatory cytokine gene expression followed by a downregulation of cytokine gene expression by week 12 of exposure. In this study, fish exposed to both concentrations of diluted fresh OSPW exhibited an acute inflammatory response. However, after subchronic exposure of fish to diluted fresh OSPW, we observed a downregulation in gene expression of IFN-γ, TNF-α2, IL-12p35, and IL-12p40.
FIg. 6.
The production of reactive oxygen intermediates by primary kidney macrophages isolated from fish exposed for either 1 week (A) or 12 weeks (B) to diluted OSPW (25% OSPW, 75% water, naphthenic acids [NAs] concentration = 10 mg/l) (A, B) or ozonated OSPW (NAs concentration after ozonation = 2 mg/l). Primary kidney macrophages were activated using Aeromonas salmonicida for 4 h, then stimulated with PMA. The production of reactive oxygen intermediates was determined using nitroblue tetrazolium reduction assay. Asterisks (*) denote statistically different from nonstimulated PMA-triggered controls, letter (a) denotes statistically different PMA-triggered and non-PMAtreated groups, and (+) denotes statistically significant between OSPW-treated, or OSPW-O 3 versus nonexposed control group. Results are expressed as optical density A 630 and are mean ± SEM of 8 fish. Abbreviations: OSPW, oil sands process-affected water; PMA, phorbol myristate acetate.
FIg. 7.
Production of reactive nitrogen intermediates (nitrite) by primary kidney macrophages isolated from fish exposed for either 1 week (A) or 12 weeks (B) to diluted OSPW (25% OSPW, 75% water, naphthenic acids [NAs] concentration = 10 mg/l) (A, B) or ozonated OSPW (NAs concentration after ozonation = 2 mg/l). Primary kidney macrophages were activated using Aeromonas salmonicida for 48 h, and nitrite production determined by Griess reaction. Asterisks (*) denote statistically significant from nonstimulated controls, and letter (a) denotes statistically different from stimulated controls. Results are expressed as optical density A 630 and are mean ± SEM of 8 fish. Abbreviation: OSPW, oil sands process-affected water.
The exposure to diluted fresh OSPW did not affect the expression of the anti-inflammatory cytokine IL-10. We previously reported (Hagen et al., 2012 ) that C-NAs greatly affected gene expression in the spleen. This differs from this study where OSPW induced greater immunotoxicity in the kidney. The kidney is the primary hematopoietic organ in teleosts and is also essential for ion regulation and waste secretion and thus the maintenance of homeostasis in bony fish.
Non-ozonated versus Ozonated OSPW Exposure
Ozonation appears to be a promising method for remediation of OSPW. Reports of partial (He et al., 2010; Martin et al., 2010) or complete (Scott et al., 2008) NAs breakdown have been linked to amelioration of toxic effects observed in mice (Garcia-Garcia et al., 2011 . In this study, we found amelioration of both acute and subchronic effects of OSPW in fish exposed to ozonated OSPW in terms of IFN-γ and TNF-α2 mRNA levels, similar to our previous observations using mice (Garcia-Garcia et al., 2011) . Following ozonation, we observed the restoration of the ability of OSPW-exposed fish to control T. carassii infection, which was similar to that of nonexposed fish. Although we observed decreased PKM antimicrobial production (ROI and RNI) following acute exposure of fish to fresh OSPW compared with macrophages from nonexposed fish, this effect was again ameliorated, and conversely enhanced, in fish exposed to ozonated fresh OSPW. However, subchronic exposure of fish to ozonated fresh OSPW significantly impeded macrophage production of reactive oxygen and nitrogen intermediates. Similar to our findings, a study using fathead minnows by Wiseman et al. (2013) found that ozonation of OSPW induced an increase in expression of genes that encode molecules associated with oxidative burst, although subchronic effects were not studied. Despite the capacity of ozonation of fresh OSPW to ameliorate the majority of immunomodulatory effects observed in OSPW-exposed goldfish, increased IL1-β1 mRNA levels in all tissues after 12 weeks exposure were consistently observed. It is known that IL1-β1 is a major cytokine that mediates communication between immune cells, as well as antigen presentation (Bird et al., 2002) , suggesting that exposure to OSPW may cause chronic alterations in the immune responsiveness of fish that were not ameliorated by ozonation. During the advanced oxidation process, hydroxyl radicals break down NAs. However, this process is not selective and other compounds are broken downs as well; the generated by-products may themselves be toxic and induce/repress antigen presentation and inflammation in fish (Petala et al., 2008) . Although it appears that ozonation may partially remediate immunotoxic effects, the physiological relevance must be established by examining how an organism responds to a pathogen.
Parasite Challenge and Physiological Relevance
Expressions of proinflammatory cytokines and macrophage antimicrobial responses have been linked to control and elimination of pathogens. Upon T. carassii infection of goldfish exposed to fresh OSPW for 1 week, a significantly lower parasitemia was observed in exposed compared with nonexposed fish. The increased ability of OSPW-exposed fish to control the parasitic infection paralleled enhanced immune gene expression and antimicrobial response of primary macrophages. These data are similar to the observations by Hagen et al. (2012) , where after acute exposure to commercial NAs fish were more resistant to T. carassii infection. Taken together, these studies suggest that induction of an acute proinflammatory response by OSPW/NAs confers acute resistance to T. carassii infection. In contrast, the ability of fish to control T. carassii was similar between fish exposed to ozonated OSPW and nonexposed control fish. However, prolonged exposure of goldfish (8 weeks) to 20 mg/l C-NAs prior to T. carassii infection rendered exposed fish more susceptible to the parasite. (Hagen et al., 2012) . Although we did not examine the ability of fish to control T. carassii, after subchronic exposure to fresh OSPW, we suspect that subchronic exposure of goldfish to fresh OSPW, but not ozonated OSPW, and subsequent challenge infection with T. carassii, would result in increased susceptibility and parasite-induced host mortality, similar to that observed after exposure of fish to commercial Results are expressed as mean number (log 10 ) of parasites/ml of blood ± SEM (n = 11 fish per experimental group). Abbreviation: OSPW, oil sands processaffected water.
NAs (Hagen et al., 2012) . Inasmuch as fish appear to be able to partially resist parasitic infection after acute exposure to fresh OSPW or commercial naphthenic acids does not necessarily mean fish are healthy, and in fact, prolonged exposure of fish to OSPW may increase the susceptibility of fish to infectious diseases. Future studies that assess the physiological relevance of OSPW exposure after both acute and subchronic exposures will be required before the release of OSPW from tailing ponds is contemplated.
Our results indicate that the acute and subchronic exposures to OSPW caused changes in the immune response of the goldfish. We believe that this research provided valuable tools for evaluation of OSPW toxicity in higher aquatic organisms and confirmed that ozonation may be an adequate remediation option for OSPW.
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